A B S T R A C T Nine malnourished and nine children who had recovered from malnutrition were given a single injection of albumin-131I and were studied during consecutive periods in which the dietary protein was changed.
INTRODUCTION
Animal and human studies of albumin metabolism in protein depletion have been concerned largely with the assessment of the catabolic rate of albumin and the extent to which it changes in the depleted subject or animal (1) (2) (3) (4) (5) .
These studies have shown that a reduction in the rate of albumin degradation does occur in protein depletion, but it is still not clear whether this reduction is related to the nutritional state of the body, or to the level of the dietary protein intake, or to both (6) .
In steady-state conditions the synthetic rate, by definition, is equal to the catabolic rate. When there is not a steady state, an indirect computer analysis -developed by Matthews (7, 8) was used to distinguish between synthesis and transfer of albumin between albumin pools.
The present study was designed to estimate both the catabolic and synthetic rates of albumin in malnourished and recovered children, during consecutive periods of feeding at different levels of protein intake. A whole body counter permitted the accurate measurement of the total retained ac-METHODS Patients 18 investigations were performed on 15 male Jamaican children admitted to a metabolic ward with proteincalorie malnutrition. Nine malnourished children were studied, three of whom were included in the nine children investigated after recovery. Six of the nine malnourished children were diagnosed as marasmic and three as marasmic kwashiorkor.
On admission children were treated with graduated milk feeds, oral iron, folic acid, multiple vitamin mixture, and potassium chloride. Intravenous fluids were given on rare occasions when necessary. No child with an infection or worm infestation on admission was included in the study. Studies were begun on the malnourished children 2-10 days after admission when they were free of edema and able to tolerate a milk mixture containing 120 kcal and 2 g of protein/kg per day.
The recovered children were studied after they had been in the ward for at least 2 months and were approaching the 50th percentile figure for the weight of North American children of the same height (9) .
Design of study
At least 1 day before injection of iodinated human albumin, all children were given Lugol's iodine twice daily, and this was continued throughout the study to prevent the uptake of radioactive iodine by the thyroid.
Three dietary phases were used in each study. In the 1st phase, all children had a 10 day period on a high protein diet containing 2.0-4.8 g of milk protein/kg per day. In the 2nd phase, lasting 7 days, all children were given a low protein diet containing 0.7-1.0 g of milk protein/kg per day. In the 3rd phase, which lasted 1 week, four recovered children continued on the low protein diet (group A), and five reverted to a high protein diet (group B). Similarly, four malnourished children (group C) received a low protein diet in phase 3 and the other five children a high protein diet (group D). Table  I lists the mean intakes of each group in each phase. The low level of protein intake is adequate for maintaining nitrogen balance, but not for growth (10) . All children were given an isocaloric diet throughout the study except subjects P. W. and M. M., who received an increase in calories in the 2nd and 3rd phases. 10 min after the intravenous injection of .1.I-labeled albumin a venous sample was taken and the plasma volume was estimated by the isotope dilution method. Four blood samples were taken on the 1st day, three on the second, and two on the 3rd day. Daily venous samples were then obtained, except at the end of each phase when a further plasma volume determination was made with Evans blue.
Urine was collected on the 1st day, and subsequently for 5 days in each phase. All urine collections lasted approximately 24 hr and were accurately timed for conversion to 24-hr excretion rates. Stools were collected in phase 1 from the first three subjects, but as the activity was less than 1% of the urine activity, stools were not collected in subsequent cases.
Measurement of radioactivity
The amount of radioactivity administered was measured as follows. Approximately 1 ml of albumin-."I solution containing 10 Ac/ml was taken up in a weighed syringe that was reweighed to find the weight of solution for injection. The solution was injected into the external jugular vein and the syringe was rinsed. The activity in the washings was counted; the weight of albumin remaining in the syringe was calculated by reference to a standard that contained a known weight and activity of the injection solution. The dose received was found by subtracting the weight of residual albumin solution from the initial weight of solution in the syringe.
Activity in the child and in urine samples was measured in a 4r liquid scintillation whole body counter,' previously described by Garrow (11) . The child was carefully positioned in the counter and was counted at least once daily. Whole body counts were corrected for selfabsorption and geometry, as described below. A channel width was selected for 'I assay which produced negligible counts due to the 'K content of the child.
Urine was made up to the same volume as a standard solution in an identical container. The standard was used for both urine and whole body counting. No correction for geometry was therefore necessary with the urine collections.
In phases 1 and 2, 0.5 ml of serum and in phase 3, 1.0 ml of serum was counted to a statistical accuracy of 1% in a well counter. A standard prepared from the injection solution was also counted.
Preparation of albumin
Human albumin 2 was iodinated with thiosulfate-free 31I by McFarlane's monochloride technique (12, 13) .
A preoxidation step was used for all iodinations, and a minimum efficiency of labeling of 65% was obtained. Unbound "~'I was removed by passage of the mixture through an anion exchange column of Deacidite.3 Before use, it was established that more than 98%o of the activity in each preparation was precipitated with 10%o trichloroacetic acid. After iodination, sufficient Lister human albumin 4 was added to reduce the specific activity of the iodinated albumin solution to less than 1 /Ac/mg of albumin, and to minimize radiation damage (14 as 'SI-labeled albumin prepared independently by the International Atomic Energy Agency. In these studies, less than 5% of the dose was excreted in the urine in the 1st 24 hr. Malnourished children injected with each preparation also excreted less than 5% of the activity in the first day. In the recovered children who had a faster catabolic rate than adults (2, 15) , up to 7% of the dose was excreted in the 1st day.
Chemical methods
Serum globulins were precipitated with 10% trichloroacetic acid in ethanol (16) , and the protein content of the supernatant containing albumin was measured in duplicate by the colorimetric method of Lowry, Rosebrough, Farr, and Randall (17) .
Urine collections were checked for any losses by measuring the 24-hr creatinine excretion rates for the individual child. Urinary creatinine was measured by the method of Bonsnes and Taussky (18) .
Evans blue in serum was measured in duplicate on 0.5 ml serum by Constable's precipitation method (19) . When plasma volume was estimated simultaneously with albumin-'I and Evans blue, the results agreed to within 2%o, as was found by Leonard, Banwell, and Craggs (20) .
Calculations
Most of the calculations were made on an IBM 1620 digital computer.
Values for whole body, serum, urine, background, and standard counts, together with plasma volume and serum albumin results, were used in a program designed to carry out the following calculations.
(1) Whole body activity was expressed as a percentage of the dose received. The logarithms of these values plotted against time were fitted with the best straight line by the method of least squares. The whole body activity curve was curvilinear in the 1st 3 days before the extravascular activity had reached a peak. Before (3) Daily urine activities converted to 24-hr excretion activities were expressed as a percentage of the total intravascular activity that existed at the midpoint in time of each urine collection to give the daily fractional catabolic rate. This was multiplied by the intravascular albumin mass to give the daily absolute catabolic rate in g of albumin per day.
After these computer calculations, the absolute catabolic rate in mg/kg per day was calculated by dividing the daily absolute catabolic rate (g/day) by the child's weight on the same day. The daily values for the fractional and absolute catabolic rates in all the children were used for an analysis of variance. The statistical significance of the catabolic rate changes in different phases was tested, as was the difference between groups of children in each dietary phase (21) .
A separate computer program was used to estimate the fractional synthetic rate (see below). The absolute synthetic rate was then calculated by multiplying the fractional synthetic rate by the mean of the total intravascular mass for the phase and dividing this figure by the mean of the daily body weights for the phase. The absolute synthetic rate values were grouped and analyzed for statistically significant differences.
Calculation of the albumin synthetic rate
The albumin synthetic rate was estimated by a curvefitting procedure. A computer was used to generate curves for the total activity in both the intra-and extravascular compartments as a function of time. Summation of the intra-and extravascular curves yielded the whole body activity curve. By adjustment of the appropriate rate coefficients, the shape of the generated curves could be modified until a close fit to the experimental curves was obtained.
The curves were generated according to a simplified model of albumin metabolism (see Fig. 1 ), the same as that employed by Matthews (8) for analysis with a functional analogue computer. This model assumes that there is a single extravascular pool, that synthesis and catabolism occur in relation to the intravascular pool, and that the intravascular albumin mass remains constant.
The model may be described by the following equations.
Since the intravascular albumin mass is assumed to remain constant, dM2/dt =0, and
The term mo -mn represents the difference between synthetic and catabolic rates, or the net transfer of albumin from pool 1 to pool 3. If there is a net transfer of albumin, whether positive or negative, from pool 1 to pool 3, then the quantity Ms must change with time. In those children who showed an increase of more than 10% in intravascular mass during a phase, i.e., groups C and D in phase 1, an approximate correction was made for the rise in intravascular albumin mass. The computed synthetic rate was added to the observed rise in intravascular albumin expressed in mg/kg per day.
RESULTS
Catabolic rate: observed values. Fig. 2 shows that there was a significant relationship between the fractional catabolic rate of albumin and an index of nutritional state (r = 0.69; P < 0.005). Table II shows the response of the mean fractional and absolute catabolic rates to dietary changes. Table III lists the percentage change of the mean catabolic rates for each group, and the statistical significance of these changes.
The recovered groups, with higher catabolic rates in phase 1 than those of malnourished children, showed a significant fall in absolute and fractional catabolic rates within the 1st wk of low protein feeding (phase 2). A continuation of the low protein diet in phase 3 (group A) produced a further fall. Even when a high protein diet was fed in phase 3 (group B) the catabolic rate continued to fall. Malnourished children showed a different pattern of response. In phase 2 the fractional catabolic rate fell in both groups, but the fall was significant only in group C. In the 2nd wk on a low protein intake, group C children showed a highly significant decrease in fractional and absolute catabolic rates; reverting to a high protein diet (group D) produced a small insignificant rise.
The change in the catabolic rate after dietary changes occurred more rapidly than could be ac- counted for by a change in the general nutritional state, but such changes did not always appear immediately after the diet was altered. Fig. 3 A shows this lag period. Subject M. M. had been in the ward 10 days on a good diet before the study. When first measured the catabolic rate was still low, but then it rose rapidly in phase 1. Phase 2 showed a small drop in catabolic rate, but after a further short delay the rate increased again in phase 3. Fig. 3 B (subject E. B.) shows that the maximal effect on the catabolic rate occurred in the 2nd wk of a low protein diet. 1. Dividing the phase into two parts at 72 hr after injection with increased values for synthetic and catabolic rates in part 2 improved the fit. This is shown in Fig. 4 B. Table   III .
The absolute and fractional synthetic rates were very sensitive to changes in the level of protein intake. The early change in slope of the intra-and extravascular curves after altering the diet indicates that changes in synthesis take place more rapidly than the slower adjustments in the catabolic rate measured by changes in urine activity.
Comparison of the synthetic rates in the malnourished and recovered children shows that the former were much more sensitive to changes in both directions on altering the protein intake. When the protein intake was reduced in phase 2, the mean percentage fall in synthesis rate was 33%o (in recovered) and 55% (in malnourished children). This was a significant difference (P < 0.01). In phase 3 the mean synthetic rate on (Table II) . Fig. 5 shows the effect of dietary phases on the net transfer of albumin from the intravascular to the extravascular pool. All the malnourished and most of the recovered children on a high protein intake in phases 1 and 3 had a net transfer of albumin into the extravascular pool. Two recovered children were in a steady state in phase 1 with no net transfer. Three recovered children in phase 1 had a net transfer of albumin into the intravascular pool on a high protein diet; two of the three children developed an infection during the phase. Children in both nutritional groups transferred albumin into the intravascular pool in phase 2. This net transfer of albumin into the intravascular pool was reduced in phase 3 in all those children who continued on a low protein diet, and two recovered subjects had a net transfer of albumin into the extravascular pool. This decrease in phase 3 was due to a combination of increased synthesis with reduced catabolism in the malnourished children, and a marked fall in the fractional catabolic rate in the recovered group.
DISCUSSION
Whole body counting was necessary for the estimation of the total retained activity in this study. Continuous urine collections for a period lasting 24 days were not possible in infants, half of whom were malnourished, and extrapolation from intermittent collections may have introduced errors which would be cumulative.
These difficulties were avoided by whole body counting which has been used in tracer studies on albumin and globulin metabolism in animals and humans (23) (24) (25) (26) .
Errors in whole body counting arise from geometric differences between the standard and the body, and from self-absorption of 181I radiation by the body. The correction of the intercept of the least squares line for whole body activities more than three days after injection, to give equivalent count rates for the standard and subject, avoided errors of geometry and self-absorption. Self-absorption decreased during the first 24-48 hr, presumably related to the extravascular mixing of albumin-131I. The difference between the initial and final self-absorption varied between subjects and averaged 5%o of the dose. Similar findings in adults have been reported (27) . The method of correction for both geometry and self-absorption introduced an error by ignoring the normal increased loss of radioactivity in the 1st or 2nd day after injection. This latter error may increase the figure for the total retained dose by 3-4%. Preliminary studies with continuous urine collections and whole body counting showed that there was usually a discrepancy of less than 2% between the total retained activity calculated from whole body counting and cumulative urinary excretion. The whole body counter can measure the retained activity at the end of the study (about 20%o of the initial dose) with a statistical accuracy of 1%o, but small daily changes in the low rates of albumin degradation in malnourished children are difficult to detect by this technique. Therefore, measurement of the total 24 hr urine activity in the counter was necessary for showing these small changes in catabolic rate, and whole body counting for measuring the total retained activity.
Any retention of inorganic ""'I by the body would exaggerate the values of the retained dose. If this were a continuous accumulation of "8"I by the body throughout the study, e.g., in the extravascular fluid, thyroid, or gastric mucosa, this would reduce the fall in extravascular activity, and result in an underestimate of the fractional catabolic rate on computer analysis. This error would be greatest at the end of the study. Comparison in phase 3 of computed catabolic rates and fractional catabolic rates calculated from urinary excretion does not support this possibility.
In all except two experiments the children were initially in a nonsteady state, and dietary changes for phases 2 and 3 also produced nonsteady-state conditions: methods which assume a steady state cannot be used to analyze our data. Matthews' model for the separate estimation of synthesis and transfer in nonsteady-state conditions has been used with digital computation in the present investigations. In only two malnourished patients was there any difficulty in fitting the experimental points with generated curves.
The simplification of the model and the use in computation of a single value for the fractional catabolic rate during the phase may explain, however, the discrepancy found in some cases between the computer-derived and experimental values for fractional catabolic rates; the latter were known to change rapidly during a phase. The computerderived value for the catabolic rate usually showed a more delayed and smaller change than the observed values (group A in phase 3).
Catabolic rate: effect of nutritional state and levels of protein intake. The malnourished children had a statistically lower fractional and absolute catabolic rate than recovered children. This agreed with previous observations in children and hypoalbuminaemic adults (2, 3, 5) . The published studies show a low catabolic rate in malnourished children when given either a high or a low protein diet. This would suggest that the most important factor in determining the catabolic rate was the child's nutritional state, and that the catabolic rate could be expected to return slowly to normal as the nutritional state improved.
The present results show that this is an oversimplification. A malnourished child fed a high protein diet had a normal catabolic rate within 2-3 wk and a recovered child fed a low protein diet showed a fall in catabolic rate within 7 days. Investigations in healthy adults have shown that a preliminary period of 3-6 wk on a low protein diet will produce a reduction in albumin catabolic rate (28) but Iber, Nassau, Plough, Berger, Meroney, and Frement-Smith (29) and Hoffenberg, Black, and Brock (5) showed that this fall could occur within a few days of low feeding. This supports the conclusion that the dietary intake and not the general nutritional state is the more important influence in determining the catabolic rate; and variable values for the catabolic rate in the malnourished children are to be expected during the initial period of study, because the children had differing protein intakes before starting the investigation.
Studies of the daily changes in fractional catabolic rate after a change of diet showed that the effect on the catabolic rate did not occur immediately, and was most marked during the 2nd wk (Fig. 3 B) . Children in group B, who received a low protein diet in phase 2, showed a further fall in catabolic rate in phase 3 on a high protein diet. The catabolic rate seemed to reflect the previous week's protein intake, but the delay of [3] [4] [5] days before the rate fell demonstrated that the protein intake did not directly control the catabolic rate but influenced some intermediate mechanism. Delayed changes in catabolic rate after varying the level of dietary protein were also found by Hoffenberg et al. in four adults (5) .
The present studies also showed changes in' catabolic rate without alterations in serum albumin concentration which Freeman and Gordon considered as a possible controlling mechanism (24). Matthews' work on rabbits (8) and adult studies (5) have also shown catabolic rate changes without concomitant changes in serum albumin concentration.
The present study emphasizes that the catabolic rate does not respond directly to changes in synthetic rate. In phase 3, group B showed a fall in fractional catabolic rate with a rise in synthetic rate (Table III) Other factors, particularly hormonal, may affect the catabolic rate of albumin. Increased catabolism occurs in Cushing's disease and during the administration of cortisone and adrenocorticotrophin (ACTH) (31) (32) (33) (34) . Similarly, an increased rate occurs in thyrotoxicosis and after administration of thyroid hormone and triiodothyronine (35, 36, 29) . Growth hormone produces a decrease in the factional catabolic rate of albumin, but anabolic steroids have no effect (37, 38) .
In malnutrition, both cortisol and growth hormone levels are raised, but thyroid function is within normal limits (39) (40) (41) . It has been shown that an increase in protein intake produces a fall in human growth hormone levels (42) and Pimstone, Wittmann, Hansen, and Murray (40) found a marked fall in plasma growth hormone levels within 1 or 2 wk in malnourished children on a high protein diet. The rise in the catabolic rate in malnourished children on a good protein intake (Fig. 3A) may have been mediated therefore by a reduction in growth hormone levels.
Synthetic rate. The derived values for the fractional synthetic rate presume a constant intravascular albumin mass. Table IV shows that this was not constant in the malnourished groups. The percentage increase of 11 % in the means from phase 1 to 2, although an underestimate of the rise in intravascular albumin mass in phase 1 in some children, was less than expected in view of the known rapid rise in serum albumin in recovering malnourished children (43) . This rise was minimized by the design of the present study, since mainly nonedematous marasmic children were chosen, whose serum albumin levels were not particularly low (44) . The three children admitted with mild edema were kept on a high protein diet up to 10 days until free from edema before the study was begun.
Where the rise in intravascular albumin mass occurred, the synthetic rate obtained from computer analysis was underestimated. Some of the newly synthesized albumin entering the intravascular pool remained there and was not represented in the analysis, either as catabolized or transferred albumin. An approximate correction of the absolute synthetic rate was made by adding the increase in intravascular albumin mass to the absolute rate. The child with the lowest computed synthetic rate, W. B., showed the greatest rise in intravascular albumin mass during the 1st phase. Similar corrections for the other malnourished children in phase 1 considerably reduced the range of values, but did not make the synthetic rate in these patients significantly higher than in the recovered children in phase 1. This normal synthetic rate in malnourished children occurred despite the known fatty infiltration and the low protein content of the liver in malnutrition (45) .
The synthetic rate in phase 2 was significantly lower in the malnourished than in the recovered children. This may reflect a reduced supply of amino acids liberated by catabolism of tissue protein. When the low protein diet was continued (groups A and C in phase 3), the synthetic rate continued to fall in the recovered children, but was maintained or rose slightly in the malnourished group. The malnourished child may be able to make more efficient use of the reduced supply of amino acids, as a result of adaptive changes associated with increased hepatic amino acid-activating enzymes and increased recycling of amino acids for protein synthesis (46) . Extravascular mass. No attempt has been made to measure the extravascular albumin mass from the experimental findings. It seems reasonable to assume, however, that the large changes in extravascular activity reflect similar changes in extravascular mass. The computer-derived figure for the extravascular mass, based on equations for the nonsteady state, gave results in phase 1 that were very similar to the activity distribution ratios at the height of the extravascular activity curve. The immediate fall in the extravascular activity in phase 2 is associated with a fall in the albumin synthetic rate. Plasmapheresis or bleeding of animals on normal protein intakes, with presumably normal or increased synthetic rates, also produces a fall in extravascular mass (47, 48) . This suggests that the shift in albumin into the intravascular compartment is related to the depletion of intravascular albumin mass per se, and not to the process by which this occurs.
The immediate and initial response to a reduction in protein intake appears to be a fall in the albumin synthetic rate. If synthesis is closely related to the intravascular compartment, this would lead to a reduction in intravascular albumin mass, unless compensatory mechanisms come into play. Our results suggest that any tendency to change the total intravascular albumin mass is minimized by a change in the direction or rate of net albumin transfer between the intra-and extravascular pools. In addition there appears to be a "feedback" system involving the catabolic rate; changes in total albumin mass are minimized by compensatory adjustments in the catabolic rate.
These two mechanisms were suggested by Hoffenberg et al. (5) as two factors which could operate to maintain the intravascular albumin mass. The fall in extravascular albumin may also lead to a reduction in the hepatic interstitial albumin concentration, which in turn may stimulate albumin synthesis (49) .
The state of adaptation to a low protein intake appears from the present investigations to be associated with a low catabolic rate to compensate for a reduced synthetic rate; the intravascular albumin mass is kept constant at the expense of the extravascular albumin; although albumin synthesis is low, the capacity to return to a normal rate is retained, so that an immediate response is possible as soon as the amino acid supply improves. Finally, there may be more economical utilization of amino acids for albumin synthesis, perhaps as a result of adaptive enzyme changes in the liver with increased amino acid recycling.
